Abstract: The transfection assay is an important tool for evaluating the health effects of industrial chemicals, with the reporter gene expression as an indicator. However, heavy metals often influence the expression of the reference plasmids used to correct variations in transfection efficiency between assay plates, reducing the reliability of this assay. We found that the target of heavy metals is the reporter, rather than the promoter used in the reference plasmid. Of the reporters we tested, luciferase (Luc) enzyme activity was affected by heavy metals, whereas gene product levels of the chloramphenicol acetyltransferase (CAT) or β-galactosidase (βGal) gene were not. Neither heavy metals nor extracts from cells exposed to heavy metals showed an effect when directly added to the Luc enzyme, suggesting that heavy metals act through an indirect mechanism. These data indicate that the use of CAT or βGal as a reporter is appropriate for a reliable assay of heavy metal effects.
The transient transfection assay is now an important tool for assessing the health effects of chemicals, with the reporter gene expression level as an indicator 1) . The performance of this assay was very impressive when it was frequently used to estimate endocrine disruptor activity several years ago. This method is potentially useful for evaluating the effects of a wider range of chemicals. It is particularly advantageous for evaluating the effect on a definite gene regulation process, and also for analyzing the mechanism of action. In addition, the recent progress of biotechnology has been making this assay more convenient to use.
Heavy metals form a category of industrial chemicals exerting detrimental effects on the health of workers. It is also known that heavy metals affect the transcription of many genes 2, 3) . We have applied the transient transfection assay to the analysis of heavy metal effects on several human genes, including those coding for metallothionein 4) , 70 kDa heat shock protein 5) and heme oxygenase-1 6) . However, in the course of those studies we encountered a problem. In transient transfection assays, a "reference plasmid" is usually co-transfected together with a "reporter plasmid". The expression level of the reporter gene carried in the reporter plasmid is then normalized to that of the reporter gene carried in the reference plasmid to correct differences in transfection efficiency between culture plates. Therefore it is a prerequisite that reporter expression from the reference plasmid should be constant either in the presence or absence of the chemicals to be tested. Nevertheless, it has been observed that heavy metals often affect reporter expression from a reference plasmid 7) , reducing the reliability of the assay. In the present work, we inspected assay conditions in order to find a way to circumvent this problem.
In the transient transfection assay, we have usually used a reference plasmid, pRSV-Luc, which carries the firefly luciferase (Luc) gene 8) driven by the Rous sarcoma virus long-terminal repeat (RSV-LTR) promoter (Fig. 1) 4) . We have observed that Luc expression is not changed by exposure to 100 µM Zn, but is increased by Cd (2 or 20 µM) or a higher concentration of Zn (200 µM) 7) . Because some gene promoters frequently used in reference plasmids have been reported to be affected by heavy metals 9, 10) , we initially tried to find a promoter with constant activity irrespective of the presence or absence of 
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Based on these results, we then examined whether the Luc gene is appropriate as a reporter gene in metal experiments. The Luc gene was compared with two other genes coding for E. coli chloramphenicol acetyltransferase (CAT) 11) and β-galactosidase (β Gal) 12) , with regard to the response to heavy metals under the control of the same RSV promoter. Plasmids with alternative reporter genes were constructed by replacing the Luc gene, positioned just downstream of the RSV promoter in pRSV-Luc, with the CAT or βGal gene, generating pRSV-CAT and pRSVβGal, respectively (Fig. 1) . Human HeLa cells were plated in 60-mm plastic dishes (Falcon) containing Eagle's minimum essential medium supplemented with 10% calf serum and non-essential amino acids, and incubated for 24 h at 37˚C under a 5% CO 2 atmosphere. Cells were transfected with pRSV-Luc (4 µg) or an equimolar amount of pRSV-CAT or pRSV-β Gal by the standard calcium-phosphate transfection method and incubated for a further 28 h. CdSO 4 or ZnSO 4 was added to the medium, and the incubation was continued for another 20 h before harvest. Luc enzyme activity was measured by using a Picagene assay kit (Toyo Ink Mfg.). Whole cell extracts (WCEs) were prepared using the lysis buffer supplied by the kit, and enzyme activity was measured according to the manufacturer's instruction (1 µg WCE protein/reaction). For determining CAT and βGal levels, WCEs were prepared as above, and the protein levels were quantified by an enzyme-linked immunosorbent assay (ELISA) using CAT ELISA or β-Gal ELISA kits (Roche) according to the manufacturer's instructions. All assays were carried out in duplicate.
In HeLa cells transfected with pRSV-Luc, Luc enzyme activity was observed to be markedly increased after exposure to 30 or 50 µM CdSO 4 , as shown in Fig. 2a . ZnSO 4 (200 µM) also moderately increased Luc activity. By contrast, in cells transfected with pRSV-CAT, the CAT level measured by ELISA was affected little by exposure to Cd or Zn at the concentrations described above (Fig. 2b) . We also observed that βGal levels measured by ELISA in cells transfected with pRSV-β Gal did not respond to Cd or Zn either (Fig. 2c) . The reproducibility of these results was confirmed by four independent experiments. These data strongly suggest that the target of heavy metals is Luc enzyme activity, rather than RSV promoter.
In order to examine the mechanism by which heavy metals modulate Luc activity, WCEs from heavy metalexposed cells were added to exogenous Luc enzyme (recombinant enzyme used as a standard; supplied by the manufacturer). WCEs (1 µg) from cells transfected with pRSV-CAT (i.e. cells not expressing Luc) and exposed to heavy metals were added to Luc enzyme (5 pg), and the mixtures were incubated at 25˚C for 2 h. As shown in Fig. 3a , WCEs from cells treated with CdSO 4 at 10 or 30 µM, or ZnSO 4 at 100 or 200 µM did not affect Luc activity. Incubation at higher temperatures (30˚C or 37˚C) or for a longer period (6 h) gave similar results (data not shown). We also examined the direct effects of heavy metals on Luc enzyme activity. It is known that the majority of intracellular Cd is bound by metallothioneins and the level of free Cd ion is very low 13) . In this experiment, the effects of CdSO 4 (0.1 to 3 µM) and ZnSO 4 (1 to 30 µM) were evaluated by adding them to the mixture of Luc enzyme and WCE from cells transfected with RSV-CAT and unexposed to metals, and incubating at 25˚C for 2 h. Also in this experiment, increase of Luc activity as seen in Fig. 2a was not observed (Fig. 3b) . These results suggest that heavy metals do not directly affect Luc enzyme activity, but do so through an unknown indirect mechanism in vivo. Because the expression of the CAT or βGal gene driven by the same RSV-LTR promoter was not influenced by heavy metals (Figs. 2b and  2c) , the transcription step does not appear to be the target. Thus, heavy metals might possibly affect a post-transcriptional process. It remains unclear whether the Luc levels determined by ELISA are free from metal effects.
From the present results, we conclude that the use of Luc as a reporter is inappropriate when assessing heavy metal effects, at least under the experimental condition used here. However, we have found a way to circumvent this difficulty, through the use of an alternative reporter, CAT or βGal, which is unaffected by heavy metals. Based on these data, a reliable transfection assay has become available for the study of heavy metal effects. We have been studying the heavy metal responses of human genes utilizing this improved assay 6, 14) . In addition, our results also suggest that when effects of chemicals are evaluated by a transfection assay, it is important to closely inspect their effects on the reporters used in the reporter and reference plasmids prior to starting analysis.
Cd, which was used as a model chemical in the present study, is a well-known toxicant both in general and working environments 15) . Cd accumulates at high concentrations in organs of exposed humans; for example, the kidney cortex of exposed workers has been reported to contain up to 600 mg of Cd/kg 15) . Although the toxic effect of Cd is assumed to be mediated by the generation of oxidative stress 16) , Cd could also exert biological effects by affecting Zn-protein interactions involved in a number of enzymes, transcription factors and so on. An interesting observation of Cd as an endocrine disruptor 17) may possibly be related to its interaction with a zinc-containing estrogen receptor. The improved reporter gene assay established here will be a powerful tool in future studies of the mechanism behind the biological effects of Cd. 
